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We studied the uptake of boron after 100 mg/kg BPA infusion in three meningioma and five schwannoma
patients as a pre-BNCT feasibility study. With average tumour-to-whole blood boron concentrations of
2.5, we discuss why BNCT could, and probably should, be developed to treat severe forms of the studied
tumours. However, analysing 72 tumour and 250 blood samples yielded another finding: the plasma-to-
whole blood boron concentrations varied with time, suggesting that the assumed constant boron ratio of
1:1 between normal brain tissue and whole blood deserves re-assessment.
& 2015 Elsevier Ltd. All rights reserved.1. Introduction
Boron neutron capture therapy (BNCT) has been administered
to patients with glioma and head and neck cancer in Finland using
the amino acid derivative borono-phenylalanine as the boron
carrier (Kulvik et al., 2003). To determine whether BNCT couldte of the Finnish Economy,have an effect on meningiomas and schwannomas, we initiated a
study of feasibility for the use of BNCT to treat severe forms of
either sporadic or neurofibromatosis II (NF2) related meningiomas
and schwannomas. To this end, we studied the uptake of boron
after BPA infusion in these patient groups: five schwannomas and
three meningiomas.
Meningiomas and schwannomas of the central nervous system
(CNS) are most often clearly demarcated from the brain and thus
accessible to microsurgery and stereotactic radiotherapy. However,
the tumours can also be numerous and in surgically difficult
Table 1
Gender, age, tumour histology, tumour size, and mean tumour-to-blood and tumour-to-plasma ratios, as well as the respective ranges, for all eight patients.






Patient 1 F 58 Meningioma 302013 (3.15 g) 6.3 6.4
G1, uniform (5.4–6.8) (5.5–7.0)
Patient 2 F 54 Meningioma G1, fairly uniform 252324 (4.1 g) 2.5 2.2
(1.3–4.1) (1.1–3.6)
Patient 3 M 70 Meningioma 202015 (4.4 g) 2.2 1.5
G1, angiomatotic, (1.7–3.1) (1.2–2.2)
fairly uniform
Patient 4 F 34 Schwannoma 14 (diam) 3.3 3.2
G1, uniform (2.6–3.9) (2.3–4.1)
Patient 5 M 44 Schwannoma 12 (diam) 2.2 1.4
G1, uniform (1.7–2.9) (1.0–1.7)
Patient 6 F 36 Schwannoma 11 (diam) 1.3 0.9
G1, uniform (1.0–1.6) (0.8–1.2)
Patient 7 M 60 Schwannoma, G1, scattered
fibrosis
21 (diam) 3.2 2.7
(1.8–5.1) (1.6–4.4)
Patient 8 M 24 Schwannoma 17 (diam) 1.9 1.5
(NF2) (1.5–2.4) (1.2–1.9)
G1, slightly nodular
M (male), F (female); G1 (tumour grading G1: well differentiated, low grade); NF2 (neurofibromatosis type II); diam (diameter of tumour).
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bromatosis II (NF2). Furthermore, the poor general condition of
the patient can make these tumours inoperable. Consequently,
new therapeutic modalities are needed for the not insignificant
proportion of these patients.
Boron neutron capture therapy (BNCT) is an experimental
neutron activated pharmacotherapy for tumours (Gupta et al.,
2003; Locher, 1936). The principle of BNCT is attractive as the
energy of the radiation is so high that tumour radioresistance does
not play a significant role. Additionally, the surrounding tissues
receive only small amounts of radiation if the basic requirements
of BNCT are met including: sufficiently high and selective boron
concentrations in the tumour and a sufficient amount of thermal
neutrons to the tumour (Gupta et al., 2003).
In BNCT, the boron-10 atoms are activated by thermal neutrons
and emit locally short range (10–20 μm), very high-energy alpha
radiation corresponding to the cell diameter, and high energy li-
thium nuclei. In practise, the effectiveness of BNCT is mainly de-
pendant on the boron concentration in various areas of the tu-
mour, and the safety of the treatment depends on respective boron
concentrations in the surrounding tissues. As modern nuclear
technology has solved major problems with the delivery of neu-
tron irradiation, the present challenge is to generate a sufficient
and selective boron uptake in the target tissue.2. Materials and methods
The study protocol was approved by the ethical committee of
Ophthalmology, Otorhinolaryngology, Neurology and Neurosur-
gery of the Joint Authority for the Hospital District of Helsinki and
Uusimaa and by The Surgeon General's Human Subjects Research
Review Board, Office of Regulatory Compliance and Quality,Department of the Army, Office of The Surgeon General, Depart-
ment of Defence, USA. The patients voluntarily participated in the
study after signing an informed consent. All parts of this work are
in compliance with the requirements of the World Medical Asso-
ciation Declaration of Helsinki 1995 and revision of 2000. Appro-
priate notification of a clinical trial on medicinal products in hu-
man subjects (form 723) with appendices was presented to the
Finnish Medicines Agency (www.fimea.fi) prior to initiation of the
study.
2.1. BPA-F infusion
BPA was purchased from Katchem Ltd. (Kulvik et al., 2003). The
BPA-F solution was prepared in the hospital pharmacy of HUCH,
Helsinki. The solution was prepared at a concentration of 30 g/l
(0.14 M) by combining BPA with a 10% molar excess of fructose in
sterile water. The detailed procedure was previously described
(Kulvik et al., 2003). The solution was intravenously administered
via an IVAC™ infusion pump using Optiva 2™ or Venflon Insyte
vein cannulas. The infused amount was 100 mg BPA per kilogram
of body weight (bw), with an infusion time of one hour. The total
volume of infusions varied between 217 and 280 ml, correspond-
ing to BPA doses of 6.5 and 8.4 g, respectively.
The infused dose of 100 mg BPA per kilogram body weight is
clearly below the more standard dose of 300 mg BPA per kilogram
body weight used in clinical BNCT. As the patients could not be
offered BNCT or any other potential benefits from their participa-
tion, we wanted to minimise our patients' exposure to potentially
harmful infusion but retain boron concentrations for sufficiently
reliable measurements. If this initial feasibility study proved pro-
mising, it would justify a trial with clinical doses of either 300 mg/
kg or 450 mg/kg.
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The BPA-F solution was administered in conjunction with the
intracranial tumour operation to eight patients: four women and
four men. The patients had a symptomatic, radiologically diag-
nosed convexity meningioma or vestibular schwannoma. Other-
wise, the patients were healthy and did not suffer from fructose
intolerance (Laakso et al., 2003).
Patients with symptomatic cardiac insufficiency, liver or renal
disease, pregnancy or lactation, prior operations or radiotherapy to
the brain or prior chemotherapy for any systemic cancer were
excluded. The histology of the tumour was confirmed from the
operative samples: three patients had a meningioma and five
patients had a schwannoma. Four of the schwannomas were
sporadic, and one of the schwannomas was operated on a patient
with NF2 (Table 1).
A pre-operative neurological examination was performed.
Routine pre-operative laboratory tests were taken before the onset
of infusion. During the infusion, the patients were continuously
monitored through a three lead electrocardiogram device; blood
pressure and heart rate were measured every hour, and clinical
symptoms were regularly surveyed. Monitoring was continued
until the onset of operation, and during operation thorough
monitoring was performed as part of neuroanaesthesia. After op-
eration, the patients remained in the post-operative intensive care
unit for a minimum of 24 h. A post-infusion neurological ex-
amination was performed approximately two days after operation.
2.3. Tumour samples and boron measurement
The tumours were sampled in two ways depending on tumour
type. The three meningiomas were extirpated as one lump at one
specific time point and immediately sent in dry ice to the neuro-
pathologist. The samples were obtained by dividing the extirpated
tumour into four regions: 1. the dural stem, 2. the tumour region
close to the stem and major feeding blood vessels, 3. centre of the
tumour, and 4. close to the surface opposite to the stem and the
blood supply.
To control for possible histological heterogeneity (Coderre
et al., 1998), we divided the tissue samples into two halves
whenever feasible, with one part of the sample analysed by the
neuropathologist and the other part deep-frozen and analysed
later for the boron concentration.
The five vestibular schwannomas were removed piecemeal
during a lengthy operation, with the last sample taken between
150 and 240 min after removal of the first portion. Whenever
feasible, the samples were divided in the operation theatre so that
one part of a sample was sent to the neuropathologist, and the
adjacent part was deep-frozen for later measurement of the boron
concentration.
Altogether, 72 tumour samples ranging in size from 15 to
274 mg were analysed for their boron concentration. The number
of samples from one single tumour varied from 6 to 17. Tumour
tissue pre-treatment consisted of wet-ashing with nitric acid. The
boron concentrations from the pre-treated samples were de-
termined using a Perkin-Elmer 3200 DV Inductively Coupled
Plasma-Atomic Emission Spectrometer (ICP-AES), The Perkin-El-
mer Corporation, Norwalk, Connecticut, USA.
2.4. Blood samples and boron measurement
Venous blood samples for the measurement of boron con-
centrations were taken before the onset of BPA-F infusion, at 30-
min intervals during infusion, and thereafter every 20 min for 5 h.
When feasible, final samples were taken at 8 and 24 h after the
onset of infusion. Blood leucocytes, erythrocytes, haemoglobin,thrombocytes, C-reactive protein, creatinine, alanine amino
transferase, and gamma glutamyl transferase were monitored for
the safety of the patients.
The blood samples for the analysis of boron were taken in
Vacuette™ vacuum tubes in pairs, at 2 ml each. The blood from
one tube was transferred into a cryogenic vial as a whole-blood
sample; the other tube was centrifuged after pre-treatment. Blood
sample pre-treatment consisted of protein removal with tri-
chloroacetic acid by a method described earlier (Laakso et al.,
2001). The boron concentrations were determined using a Perkin-
Elmer 3200 DV Inductively Coupled Plasma-Atomic Emission
Spectrometer (ICP-AES), The Perkin-Elmer Corporation, Norwalk,
Connecticut, USA.
The authors processed all samples within 20 min in the hos-
pital laboratory and thereafter stored the samples at 80 °C. The
possible pre-infusion presence of detectable boron or boron con-
tamination from the Vacuette tubes or cryogenic vials was ex-
cluded by using the pre-infusion blood samples as controls.
2.5. Data analysis
Blood and tissue boron concentration data were fitted using
WinSaam Ver 2.0 (National Institute of Health, USA) to construct
curves showing the boron concentration as a function of time. As
tumour samples were taken at irregular intervals and time points,
the respective blood concentrations were estimated with linear
extrapolation from the two closest blood samples. Blood samples
were taken at 20-minute intervals, and the time distance between
tumour samples and the closest blood sampling never exceeded
ten minutes.
A regression analysis (ordinary least square) was performed
with the whole data set. The variable “Time after onset of infusion”
was log-transformed due to a long tail of data points skewed to the
right, as blood samples were collected up to 24 h after the onset of
infusion.3. Results
The tumour boron concentrations were always higher than the
respective whole blood boron concentrations, indicating that all
three meningiomas and five schwannomas took up boron after
BPA-F infusion, even after small infused amounts; however, the
tumour-to-blood ratios were highly variable, ranging from 1.0 to
6.8. Table 1 shows the mean tumour-to-blood and tumour-to-
plasma ratios for each patient.
As indicated earlier, the tissue samples were divided into two
halves with one half being analysed for boron concentration and
the adjacent half being checked for histological appearance re-
lative to the control for any possible histological heterogeneity. All
study samples showed a uniform histological appearance within
the same tumour (Table 1).
The mean tumour to blood ratio for our analysed 72 samples
was 3.8, with a SD of 1.5 and a range from 1.0 to 6.8. Excluding one
outlier, a meningioma with a very high ratio of 6.3, the mean was
still 2.5 and the SD was 0.8 – values fully comparable with results
accepted as sufficient for the BNCT treatment of glioblastoma
multiforme and locally recurred head and neck cancer (Kankaan-
ranta et al., 2011a,b; Laramore and Spence, 1996).
The whole blood, plasma boron, and tissue sample boron con-
centrations as a function of time from the onset of infusion were
presented for three meningioma and five schwannoma patients in
Fig. 1a–h. Considerable variation can be observed between patients,
tumour types and even within the same tumour. One meningioma
(Patient 1) showed a strikingly high tumour-to-blood ratio with a































































































































































Fig. 1. a–h. Boron concentrations in whole blood (blue diamonds), plasma (red squares) and tumour tissue (green triangles) as a function of time from onset of infusion.
Legend: 1a: Patient 1, 1b: Patient 2, 1c: Patient 3, 1d: Patient 4, 1e: Patient 5, 1f: Patient 6, 1g: Patient 7, and 1f: Patient 8 (also see Table 1), Whb: whole blood, and Tumour:
tumour tissue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Results of regression analysis using tumour-to-whole blood, tumour-to-plasma and
plasma-to-whole blood ratios as dependent variables.







R square 0.327 0.381 0.690




F-test 3.340*** 4.241*** 67.642***






Time in log minutes 0.532*
(0.269)
0.028 (0.223) 0.298*** (0.017)
















Meningioma 0.476 (0.405) 0.834**
(0.335)
0.256*** (0.044)
Stem 0.310 (0.356) 0.210 (0.295) 0.027 (0.056)
Centre 0.278 (0.356) 0.185 (0.295) 0.027 (0.056)
Age 0.024** (0.010) 0.024***
(0.008)
0.003** (0.001)
Standard errors in parentheses. Asterisk labels (*) stand for the level of statistical
risk of rejecting the null hypothesis (beta¼0) incorrect: (*) 10%, (**) 5%, (***) 1% risk
level.
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30 mg/kg (Fig. 1a and Table 1). One schwannoma (Patient 7) had a
mean tumour-to-blood ratio of 3.2 and a range of 1.8–5.1; the total
tissue boron concentrations varied from 11.9 to over 21 mg/kg within
time points closer than 30 min from each other (Fig. 1g and Table 1).
The data also indicated that the ratio between whole blood and
plasma boron levels changed with time.
To predict tumour to whole blood ratios based on all of our
gathered data, we performed regression model analyses with the
data with tumour-to-whole blood, tumour-to-plasma and plasma-
to-whole blood ratios as the dependent variables and eight in-
dependent variables: dose per lean body weight (LBW), haema-
tocrit, creatinine, estimated glomerular filtration rate (eGFR), tu-
mour type, tissue sample location and age (Table 2). All dependent
variables yielded a statistically significant constant. Dose per LBW,
creatinine, eGFR and age proved statistically significant. The in-
dependent time variable (time in log minutes) was statistically
significant for the plasma to whole blood ratio and negligible and
statistically non-significant for the ratio of tumour to plasma.
These findings will be further discussed below.4. Discussion and conclusions
The uptake and distribution of boron has been modelled in
several positron emission tomography (PET) studies, both in ma-
lignant and benign CNS tumours (Havu-Auren et al., 2007; Imahori
et al., 1998a, b; Kubota et al., 1996; Nuutinen et al., 2000; Nyberg
et al., 1997). However, the only validated method for quantitative
measurement of boron in tumours is by direct sampling, as was
used in the present study. Direct sampling results of boron uptake
in meningiomas and schwannomas have not previously been
published.
In BNCT, the desired radiation is directly proportional to the
concentration of boron in the tumour. Based on our measurementsof the true concentrations of boron in the tumour target, we
consider BNCT feasible for selected meningiomas and schwanno-
mas; the tumour to whole blood boron concentration ratios in
meningiomas and schwannomas were between 2:1 and 6:1.
The use of whole blood boron determinations in BNCT dosi-
metric calculations is supported by PET studies on 18F labelled
BPA, which have suggested that the plasma to whole blood boron
concentration ratio of BPA is constant and close to 1.3 during and
after the infusion of BPA-F (Imahori et al., 1998a, b). The experi-
mental setting in these PET studies is, however, quite different
from clinical studies. The dose in PET studies is minute, and the
whole amount is typically administered as one single bolus in-
jection. Moreover, it has also been claimed that patient's haema-
tocrit is a major pre-analytical confounding variable in whole
blood boron determinations (Laakso et al., 2001).
We controlled for the confounding effects of haematocrit var-
iations by analysing the boron concentrations both from plasma
and whole blood and then introducing a haematocrit variable to
the statistical analysis (Table 2). Our results showed that the ratio
of boron concentrations between whole blood and plasma varied
with time after the onset of infusion. This seems to support our
earlier claim that patient haematocrit, depicting mainly the pro-
portion of erythrocytes in the blood, is a major pre-analytical
confounding variable in whole blood boron determinations. In-
itially, the boron is in the plasma fraction only, but with time the
red blood cells retain increasing amounts of boron (Kulvik et al.,
2004; Laakso et al., 2001). Furthermore, as BPA probably behaves
like phenylalanine, erythrocyte BPA might not be available for
transport into tissues (Ellison and Pardridge, 1990; Kulvik et al.,
2004).
The change in the plasma to whole blood ratio over time was
statistically significant, whereas no evidence of change over time
could be found for the ratio of tumour to plasma (Table 2). Hence,
it could be meaningful to monitor boron concentrations from the
plasma fraction in addition to, or even instead of, monitoring
whole blood boron levels. Moreover, as BPA dose per LBW, crea-
tinine, eGFR and age showed statistical significance in our re-
gression model, it might also be worthwhile to include these as
parameters in BPA kinetics modelling and personalised dose
optimisation.
Although the possible implication of our findings for treatment
planning goes beyond the scope of this paper, it will be discussed
in a separate paper by Koivunoro et al. in this issue (Koivunoro
et al., 2015). Likewise, the combination of BPA with other boron
carriers has not been addressed in our study but may prove es-
sential for a truly effective BNCT.
In our study, the variations both within the tumour and be-
tween tumours were large. As indicated earlier, all study samples
showed a uniform histological appearance within the same tu-
mour, whereby no significant variability in tissue boron con-
centration should be present as the result of tissue heterogeneity.
High variation in boron concentrations can result from within-
day and between-day imprecision inherent to the analytical
method, or from pre-analytical factors. While the imprecisions of
the method have been reported earlier (Laakso et al., 2001; Linko
et al., 2008), the latter sources of variance have not been fully
evaluated and include the following:
– the blood flow to the tumour can be altered as a result of ma-
nipulation during the neurosurgical operation;
– rinsing of the tumour area with sterile solutions can have a
washing effect on the boron;
– the samples can be extremely small and therefore some drying
can occur, leading to higher boron concentrations per unit
weight; and
– the use of cauterisation can damage the sample tissue.
M. Kulvik et al. / Applied Radiation and Isotopes 106 (2015) 207–212212Our boron analysis methods in themselves are reliable and
valid in the conventional error range (Laakso et al., 2001). To
control for potentially confounding effects stemming from the
operation procedure, whenever feasible we analysed samples that
had not been intensively rinsed and that were as intact as possible.
For the statistical analysis of the results, we introduced controls for
both the size and the distance from the main blood vessel. These
latter variables revealed no indication of systematic errors in the
sampling procedure.
As life-expectancy has increased most notably in Western so-
cieties, more elderly meningioma or schwannoma patients will
require therapy as a larger proportion of tumours in the elderly are
inoperable. There is also an increasing number of surviving NF2
patients due to improved diagnostics and operating techniques.
Despite NF2 patients' young age, the tumour development ulti-
mately renders these patients untreatable. Hence, there is a
growing need for symptom control.
Occasionally, it would be sufficient if the tumour could be made
smaller or the growth arrested even if total removal was not
possible. Stereotactic radiotherapy has been employed for this
purpose in meningiomas and schwannomas in sporadic and in
NF2 patients.
As meningiomas and schwannomas are very radioresistant,
conventional low linear energy transfer (low-LET) radiotherapy
has only limited value for symptom relief. As BNCT yields high LET
radiation, it is more effective for even slowly growing tumours,
such as meningiomas and schwannomas. The minimum estimated
required boron concentration suggested, 2 mM or 100 mg/kg,
seems within reach, evenwith current boron carriers by increasing
the amounts of BPA infused (Linz, 2008). With successful BNCT, the
unwanted dose to normal tissue remains low. Consequently, the
development of BNCT for these tumours is warranted, especially as
tumour shrinkage or even growth arrest can lead to sufficient
symptom control for these histologically benign tumours.Acknowledgements
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